Abstract. We conducted a cluster-randomized trial to assess the impact of a school-based water treatment, hygiene, and sanitation program on reducing infection with soil-transmitted helminths (STHs) after school-based deworming. We assessed infection with STHs at baseline and then at two follow-up rounds 8 and 10 months after deworming. Forty government primary schools in Nyanza Province, Kenya were randomly selected and assigned to intervention or control arms. The intervention reduced reinfection prevalence (odds ratio [OR] 0.56, 95% confidence interval [CI] 0.31-1.00) and egg count (rate ratio [RR] 0.34, CI 0.15-0.75) of Ascaris lumbricoides. We found no evidence of significant intervention effects on the overall prevalence and intensity of Trichuris trichiura, hookworm, or Schistosoma mansoni reinfection. Provision of school-based sanitation, water quality, and hygiene improvements may reduce reinfection of STHs after school-based deworming, but the magnitude of the effects may be sex-and helminth species-specific.
INTRODUCTION
Over two billion individuals worldwide are infected with soil-transmitted helminths (STHs) with school-aged children exhibiting the greatest STH morbidity. 1, 2 The STH infection is directly related to fecal exposure, either through ingestion or skin exposure. Chronic intense infection can adversely affect growth and cognitive development in school-aged children. 3 Fortunately, much of the morbidity associated with STH infection can be reversed cheaply and safely by periodic chemotherapy, typically using anthelmintics. [4] [5] [6] [7] [8] Treatment of school-aged children-usually through school-based deworming-can also reduce infection rates among untreated children and community members. 9, 10 In the absence of control measures aimed at reducing exposure, treatment of STH infections is followed by re-infection, necessitating repeated treatments. 11, 12 The benefits of such treatment can be sustained by efforts to reduce environmental exposure to infection through improved sanitation and hygiene behaviors. 13, 14 Although household coverage of water and sanitation is measured by the United Nations Children's Fund (UNICEF)/World Health Organization (WHO) Joint Monitoring Program for Water and Sanitation, little is known about global access of water, sanitation, and hygiene (WASH) in schools. 15 In 2008, UNICEF estimated that only 46% of schools in their priority countries had water supply and 37% had toilets. 16 Few studies have assessed the impact of a school WASH program in mitigating STH infection. A recent meta-analysis of the effect of sanitation on STH infection reported mainly cross-sectional surveys of low quality 17 ; only two studies reported results on intensity of STH infection and few intervention studies were identified. Availability and use of sanitation facilities was associated with significant protection against STH infection: the overall odds ratios (ORs) were 0.54 (95% confidence intervals [CIs] : 0.43-0.69) for Ascaris lumbricoides, 0.58 (CI: 0.45-0.75) for Trichuris trichiura, and 0.60 (CI: 0.48-0.75) for hookworm.
Here, we report the results of a cluster-randomized trial that investigated the impact of a school-based WASH program in reducing reinfection with STH species after anthelmintic treatment compared with pupils that received deworming alone. The study was nested within a larger trial assessing the health impact of improved access to school-based WASH on absenteeism and diarrheal diseases. 18 
METHODS
Background and study design. This investigation was a cluster-randomized trial assessing the impact of improved school WASH access on STH infection of primary school pupils. We compared infection patterns of STH among pupils in schools that received deworming plus a comprehensive school-based water treatment, sanitation, and hygiene intervention (arm 1: intervention) to those who received deworming only (arm 2: control). The investigation was conducted in 40 government primary schools in Nyanza Province, western Kenya, between 2007 and 2009 ( Figure 1 ). The primary study outcomes were the prevalence and intensity of four common STH species: hookworms (Ancylostoma duodenale and Necator americanus), roundworm (A. lumbricoides), and whipworm (T. trichiura). Secondary outcomes included the prevalence and egg count of the trematode, Schistosoma mansoni.
Study area and school selection. This study took place in eastern and southern portions of Nyanza Province, Kenya (Figure 1 ). Forty schools-20 intervention and 20 controlwere randomly selected for inclusion in this study (Figure 2 ). Schools were eligible for participation only if they did not meet the pupil-latrine ratio of 30:1 for boys and 25:1 for girls per the Government of Kenya standards, 19 and reported a water source within 1 km of the school during the dry season. The original study frame for the trial was selected using a rapid assessment of water and sanitation access conducted in conjunction with the Ministry of Education. 18 All random selection and allocation was conducted by the research manager using a random number generator in Microsoft Excel (Redmond, WA). One control school was excluded because of deworming activities after study enrollment, but before baseline data collection, and was not included in the analysis.
*Address correspondence to Matthew C. Freeman, 1518 Clifton Rd. NE CNR 2027, Atlanta, GA 30322. E-mail: mcfreem@emory.edu Intervention. Intervention schools received hygiene promotion, water treatment technology, and sanitation infrastructure, which included commercially manufactured hand washing and drinking water storage containers and a 1-year supply of point-of-use water treatment product distributed by Population Services International with the brand name WaterGuard. The number of latrines provided at each school was based on enrollment; schools received between four and seven latrines. One parent and one teacher at each school were trained on hygiene behavior change, health education, and proper maintenance of sanitation and water storage facilities. Intervention schools received the hygiene promotion and water treatment hardware between May and June 2007; latrines were constructed between May 2007 and November 2008. Control schools received sanitation improvements and hygiene education after the final round of data collection.
After each of the three data collection rounds (baseline, follow-up 1, and follow-up 2), all children in study schools (intervention and control) received mass treatment of STH infections using a single oral dose of albendazole (400 mg). Albendazole is highly efficacious in treating infection with A. lumbricoides (93.9% cure rate) and hookworm (78.8%), but is less effective against T. trichiura (43.6%). 8 Children found infected with S. mansoni were given praziquantel at 40 mg/kg, 20 unlike the deworming of all pupils in study schools conducted for STH infections.
Sample size calculation. On the basis of previous surveys in the region, we assumed baseline levels of infection of 42% for A. lumbricoides, 55% for T. trichiura, and 77% for hookworm. 9 We based our power calculation on A. lumbricoides reinfection, given the high cure rate of albendazole, which is a parasite most correlated with poor sanitation and hygiene, rapid reinfection, and because of its direct fecal-oral transmission. 2, 8, 11 We assumed reinfection to previous levels at follow-up and a conservative intra-cluster correlation of 0.18; we estimated the need for 20 schools per arm and 25 pupils per school for power to detect a 20% difference in infection rate between intervention and control using α = 0.05 and β = 0.2. In the final data collection round, the number of pupils per school was increased to 30 per school to account for unusable samples, though we were not always able to get a sufficient number of pupils. The detectable effect size is smaller than reductions found as part of a public sewerage and drainage intervention in Salvador, Brazil. 21 Pupil selection and stool sampling. Children enrolled in the study were randomly selected from school registers in grades 3-5 and were eligible if they were between 7 and 13 years of age and were dewormed by the project in the previous year (during follow-up rounds). We sampled 3,120 pupils attending public primary school at three time points (975 at baseline in May 2007; 975 at follow-up 1 in April 2008; and 1,170 at follow-up 2 in February 2009) and asked to supply a stool sample the day of the site visit. Stool samples were examined microscopically within 1 hour of preparation using the KatoKatz method 22, 23 ; each stool sample was processed on two separate slides and read by different laboratory technicians. The mean of the two readings was calculated and designated as the value for that pupil. As a quality check, a random selection of 10% of slides were examined again by a different microscopist and if the number of worm eggs was different by 10%, slides were then reread. 24 Surveys. We recorded pupils' age, grade, sex, self-reported geophagy (soil-eating behavior), 25 and observation of shoe wearing. 26 School-level assessments, by interview with head teacher and direct observation, included indicators of school WASH access. Data from a random selection of 25 households within the school catchment areas were used to develop aggregate school and community-level baseline variables on socio-economic and sanitation characteristics. Household heads (preferably females because of familiarity with WASH conditions) were interviewed about their WASH attitudes and practices, and observations were collected on latrine conditions and household assets. Household assets were used to estimate socio-economic status using principal component analysis. 27 An asset score was calculated from questions derived from the 2003 Kenya Demographic and Health Surveys (DHS) with water and sanitation indicators removed. 28 Continuous asset scores were grouped into quintiles. Data from the household survey were used to compute aggregated community variables. School surveys, pupil data, and laboratory data were collected on paper surveys. Data were manually double-entered using Microsoft Access 2003.
Analysis methods. Data were cleaned and analyzed using SAS version 9.2 (Cary, NC) and Stata version 10 (College Station, TX). The impact of the intervention was analyzed in terms of the prevalence of infection (proportion of individuals infected) and the intensity of infection (the number of worms harbored by an individual). 29 Intensity of infection is indirectly estimated by the concentration of eggs per gram of feces (EPG), and is a critical measure of morbidity and is directly related to the rate of transmission (and hence the rate of exposure). 30 The risk of morbidity is strongly related to the size of the number of worms harbored by an individual, hence studies in the intensity of infection have the greatest public health relevance. 31 To test the impact of the intervention, we developed multivariable population-level regression models using generalized estimating equations. For prevalence of infection, we applied multivariable logistic regression. The effect of the intervention on quantitative egg counts was assessed using a log-linear model, assuming a negative binomial distribution with a log link. 30 We assessed confounding by a priori determined covariates: data collection round, sex, age, observed shoe wearing, and reported geophagy. 25, 32 Because of sex-stratified findings from other trial outcomes, as a sub-analysis, we report sex-stratified estimates of effect. 18 All models controlled for cluster-level baseline worm infection levels. 29 Point estimates accounted for pupil selection weights. Standard errors were adjusted for the study design, including clustering at the school level and geographic strata 33 ; we present both round-specific models and pooled estimates with sexstratified results. A meeting with parents and school administrators at participating schools was also conducted at baseline to explain the procedures, benefits of the program, and benefits and risks to participation. Pupils provided oral assent in the trial before providing a stool sample collection.
RESULTS
Baseline pupil-, school-, and community-level characteristics. Pupil characteristics, and cluster-aggregated data for school and community-level variables are found in Table 1 . A total of 915 (93.8%) pupils at baseline provided stool samples that could be analyzed. Pupil-level covariates, such as age and sex were similar at baseline between the intervention and control schools. The mean age in each group was 11.2 years. Measured socio-economic indicators were similar between intervention and control schools. At baseline, schools randomly allocated to the intervention arm had higher mean enrollment (354 pupils) compared with controls (292 pupils). These schools also had a higher ratio of boys per latrine (98.1/ latrine versus 63.4/latrine) and girls per latrine (83.3/latrine versus 59.1/latrine). Fewer than 40% of schools had access to an improved water source during the dry season and only 76% met the original inclusion criterion of a dry season source within 1 KM. Measured community covariates, such as percent of households headed by females alone, percent of mothers who completed primary school, community latrine coverage, and the proportion of the households in the lowest socio-economic quintile were comparable between the intervention and control communities at baseline (Table 1) .
At baseline, 467 (51%) of pupils reported soil eating either at school or home (Table 1 ). This behavior was more common among girls (56%) than boys (46%, P 0.001), but not between pupils in intervention (52%) and control (50%, P = 0.50) schools. Shoes were observed worn by 491 (54%) of pupils at baseline and was similar between intervention (55%) and control (52%, P = 0.30). More girls (60%) wore shoes than boys (47%, P 0.0001).
Baseline helminth infection. Overall, 37.2% of children were infected with at least one STH species Table 2 , whereas 7.0% of children harbored two or more STH species (data not shown). A number of imbalances in infection levels were observed between study arms. The prevalence of any STH species and infection with at least two species of STH was higher in the intervention arm (40.4% and 8.2%, respectively) compared with the control arm (33.8% and 5.8%). The prevalence and mean egg count of A. lumbricoides was higher (14.2%, 1,094 EPG) among children in the intervention arm, compared with control (9.2%, 506 EPG). Balance between intervention and control schools was more similar for other worms. Calculated intra-cluster correlations were lower than expected for A. lumbricoides (0.04), T. trichiura (0.08), hookworm (0.13), and S. mansoni (0.11).
Unadjusted effect of worm infection at follow-up. Stool samples for 946 (97.0%) pupils at the first follow-up and 1,113 (95.1%) pupils at the second follow-up were analyzable (Table 2) . At follow-up, a similar proportion of pupils were infected with at least one worm within intervention (17.8% in follow-up 1, 19.0% in follow-up 2) compared with control (22.8% and 17.9%, respectively) schools. The difference in differences (DID) between intervention and control schools was −11.6% (P = 0.19) at follow-up 1 and −5.5% (P = 0.71) for follow-up 2. For A. lumbricoides prevalence, the crude DID between intervention and control was −6.2% (P = 0.10) and −7.4% (P = 0.03), respectively, for each follow-up round. Mean egg counts were lower for intervention schools at both follow-up rounds (−462 and −395 EPG) than in control schools (−589 EPG [P = 0.03], −796 EPG [P = 0.004]). For hookworm prevalence, DID was −6.0% (P = 0.50) and +1.7% (P = 0.54) for each follow-up round, respectively. Difference in EPG were 48.0 (P = 0.35) for follow-up 1 and 37.8 (P = 0.50) for follow-up 2. No differences were found for DID of T. trichiura or S. mansoni for either worm prevalence or egg count. Soil eating, shoe wearing, and school conditions at followup. Although the proportion of children practicing geophagy did not vary by study arm at follow-up among all pupils (intervention: 16.8%, control: 21.0%, P = 0.16), there was a significant difference between the proportion of girls compared with the proportion of boys practicing geophagy (29.4% versus 18.5%, P 0.001). Similarly, at follow-up girls were more likely to wear shoes (73.3%) than boys (59.8%, P 0.001). Table 3 reports the availability of WASH facilities at baseline and follow-up by study group. Although water supply improvements were not provided by the program (only storage containers), intervention schools increased access to drinking water (from 32% to 85%) and hand washing water (from 5% to 85%). This change was significant compared with controls (P 0.01 for both). No schools had soap at baseline; at follow-up, 25% of intervention schools had purchased and were providing soap, whereas no control schools were providing soap. Construction of latrines at intervention schools resulted in improved pupil to latrine ratios from 89:1 at baseline to 32:1 at follow-up. There was no change in access to an improved water source in the dry season.
Multivariable adjusted models of species infection. No confounders were found to appreciably change the estimates of effect or standard errors, therefore all models account for baseline infection only Tables 4 and 5 . Pupils in the intervention had an OR of 0.48 (95% CI 0.22-1.06) and lower egg count (RR 0.32, 95% CI 0.12-0.82) of A. lumbricoides compared with controls (Table 4) . Results for follow-up 1 were similar. Children attending intervention schools were Table 5 ). The effect of the intervention on egg count differed by sex (P = 0.03): among girls, those in the intervention schools had lower egg count (RR 0.29, 95% CI 0.11-0.74, P 0.01) compared with those in the control.
There was no effect of the intervention for boys (RR 1.01, 95% CI 0.46 species-specific −2.28, P = 0.98). Geophagy and shoe wearing were not significant effect modifiers in any of the models. For infection with T. trichiura, our data revealed an OR of 0.86 (CI 0.46-1.63) and an RR of 0.35 (95% CI 0.12-1.04) during follow-up 2 (Table 4) . Results for follow-up 1 were similar for prevalence, but not for egg count (RR 1.22, 95% CI 0. 44-3.34) . For the pooled follow-up, we did not find evidence for the effect of the intervention on infection prevalence (OR 0.82, 95% CI 0.45-1.45) or egg count (RR 0.55, 95% CI 0.21-1.48) ( Table 5 ). Soil eating significantly modified the overall effect on egg count (P = 0.006). Pupils that practiced geophagy showed a significant reduction in risk of infection with T. trichiura (RR 0.33, 95% CI 012-0.92) compared with controls; pupils that did not report soil eating were not significantly different from the null (RR 2.97, 95% CI 0.86-10.3).
No significant difference was found for hookworm egg count for follow-up 1 (RR 0.77, 95% CI 0.31-1.91) or followup 2 (RR 0.48, 95% CI 0.15-1.48) ( Table 4 ). The interaction between the intervention and data collection round was significant for prevalence of hookworm: we found a difference in hookworm prevalence during follow-up 2 (OR 0.52, 95% CI 0.27-1.00), but not during follow-up 2 (OR 1.27, 95% CI 0.71-2.23). For the pooled follow-up period, we found no overall effect of the intervention on hookworm prevalence (OR 0.80, 95% CI 0.47-1.36) or egg count (RR 0.58, 95% CI 0.27-1.26) ( Table 5 ). The results for egg count differed significantly by sex (P 0.001); the intervention was protective for boys, but increased the odds of infection for girls. Egg count was significantly modified by shoe wearing (P = 0.02) and soil eating (P = 0.05). Pupils without shoes were significantly impacted by the intervention (RR 0.30, CI 0.11-0.82, P = 0.02); those with shoes exhibited no statistical difference (RR 0.52, CI −0.34-1.40, P = 0.23). Stratified analysis by soil eating behavior did not reveal effect estimates significantly different than the null.
There was no significant impact of the intervention on the prevalence (OR 1.29, 95% CI 0.45-3.66) or intensity (RR 0.63, 95% CI 0.23-1.70) of S. mansoni infection ( Table 5 ). The differences were significantly different by sex for both prevalence (P = 0.04) and egg count (P = 0.002); the effect of the intervention on egg count was significant for boys (RR 0.30, 95% CI 0.11-0.88). Other effect modifiers were not significant.
DISCUSSION
To our knowledge, this is the first cluster-randomized trial to assess the impact of school-based sanitation and hygiene improvements on reinfection with different STH species following mass anthelmintic treatment. Our findings reveal mixed results for the impact of improved school-based WASH infrastructure on STH infection, with evidence for sex-specific effects of the intervention for different STH species. The role of behaviors-such as shoe wearing and geophagy-may moderate the effect of the intervention. Our analysis is technically an assessment of the difference between infection among pupils in each time point for the intervention and control arms. Throughout the manuscript we refer to STH "reinfection," rather than "infection" to clarify that all pupils in the study were dewormed before each follow-up round. However, we are not longitudinally following individual children and thus do not know their baseline status, we are relying on a test that has poor detection at low levels of infection, and we did not test for cure rate. Understanding of what we mean by the WASH intervention preventing "reinfection" should be interpreted as such.
We found considerable differences in the prevalence and intensity of reinfection with A. lumbricoides in the intervention schools compared with the control schools. These findings were consistent for each of the follow-up rounds. A sex-stratified analysis revealed that these differences between the intervention and control schools were only significant among girls. This sex-specific effect of the intervention on A. lumbricoides infection on girls was consistent with findings from this same trial that the intervention has a considerable impact on absence among girls, but not boys. 18 There is no evidence that girls are biologically more susceptible to STH infection 34 ; rather, these results suggest that improving access to WASH reduces the exposure to feces for girls more than it does for boys. Girls may be less likely to urinate or defecate in the open than boys, thus may disproportionately benefit when latrines are new or clean, or when hand washing water and soap are available.
We found significant, but not universal improvement in WASH conditions in the intervention arm schools. The proportion of schools that had detectable chlorine in drinking water increased and pupil/latrine ratios all improved. Even though no soap or water provided (only hygiene education and water containers), intervention schools provided more drinking water, hand washing water, and soap for hand washing. However, these levels of fidelity to the intervention are sub-optimal, indicating that a program able to achieve higher coverage would increase the impact on STH infection.
Previous cross-sectional and longitudinal studies have shown that improved WASH characteristics are associated with lower levels of A. lumbricoides infection. 17, 24, [35] [36] [37] The current study found WASH impacts on the prevalence of A. lumbricoides to other intervention trials of household-and school-based hygiene promotion programs that have shown a reduction in A. lumbricoides reinfection on primary school-age children. 38, 39 In Brazil, Moraes and colleagues 40 found great reductions in the prevalence of infection because of community sanitation improvement.
Because of similar exposure pathways for A. lumbricoides and T. trichiura-typically from ingestion of feces on hands or from eating unwashed or undercooked food-we would expect similar findings for both species. In this study, we found no evidence of the effect of the intervention on T. trichiura, either overall or by sex. Differences in egg count during follow-up 2 were suggestive of an effect, but not a statistically significant one. A possible reason for this finding is the known low efficacy of a single dose of albendazole in treating T. trichiura. 8, 41 However, pupils in the intervention schools who practiced geophagy had lower levels of T. trichiura reinfection compared with those in the control. 25 Those who practiced geophagy may have reduced risk of environmental exposure to helminth eggs. Alternatively, geophagy practice could serve as a proxy for other parameters representing marginalized populations who were impacted by the intervention.
The effect of the intervention on hookworm reinfection among boys but not girls was unexpected. These results may be correlated to the greater effect of the intervention on children without shoes. Because hookworm is transmitted usually through contact with infected feces through the sole of the foot, legs, and buttocks, our results reflect the finding that children without shoes are more susceptible to hookworm infection, and boys are more likely than girls to go without shoes. Pupils without shoes showed a significantly and substantially greater difference of hookworm reinfection at follow-up compared with those in controls. These children may have greater contact with contaminated soil, and provision of new latrines could substantially reduce exposure. Shoe wearing is likely associated with economic status, a factor not able to be assessed in this analysis, but points to the effect of the intervention on more marginalized pupils. The effectiveness of the intervention at the first follow-up, but not the second may be explained by the diminishing effect of the latrine construction in mitigating hookworm reinfection.
Limitations. Although the impact of the intervention on A. lumbricoides reinfection was substantial and significant, we cannot rule out that our findings are a consequence of baseline imbalances and differential rate patterns of reinfection between study arms. We expect that infection would revert to baseline levels in as few as 6 months [42] [43] [44] ; our follow-up was 10 months after deworming. However, we saw a secular trend of decreased prevalence of helminth infection among children in control schools. The rate of reinfection crucially depends on the intensity of parasite transmission (as measured by the basic reproductive number, R 0 ), the efficacy of treatment and the percentage of the overall community, which was treated as the result of treating school children, 2, 30 three factors that are unknown. Multivariable analysis adjusted for aggregate baseline levels of outcome measures for each model.
A number of additional limitations are recognized. First, because of the high turnover of pupils and laboratory and budget constraints, we were unable to follow the same individuals throughout the course of the project. Thus, our baseline measures are only for aggregate measures at the school. Because individual propensity for reinfection is a considerable risk factor, using school-level aggregate data induces imprecision in the findings. 45, 46 Second, our study was powered with infection rates from a previous study that were considerably higher than what we found at baseline, limiting our study power. 9 A recent review of worm infection in East Africa reported median prevalence estimates in Nyanza Province of A. lumbricoides (18.5%), T. trichiura (11.9%), and hookworm (17.6%). 47 Third, there was considerable heterogeneity in delivery and uptake of the intervention. Only 25% of schools in the intervention reached the Government of Kenya standards for pupil/latrine ratios, only 25% had soap available for hand washing. We observed hand washing water and soap at only 25% of schools at follow-up. On the other hand, this study should be regarded as an effectiveness trial of a realworld intervention. As such, some schools were more successful at improving access to clean latrines and hygiene behaviors of their pupils. Fourth, a quarter of the schools did not meet the original eligibility criterion of having a water source within 1 KM, though this likely biased our results towards the null by limiting the impact of the hygiene intervention and ability to maintain latrines. Finally, a single stool sample using KatoKatz has been shown to be inaccurate relative to other diagnostic methods, 48 although may have sensitivities of 90% for both A. lumbricoides and T. trichiura. 49 This limitation is mitigated by the use of this method for both study arms and that increased detection of low-burden individuals may have biased our results towards the null.
CONCLUSIONS
Deworming alone cannot eliminate STH infection if schools and communities lack adequate WASH facilities, and the gains from deworming will only be sustained through improved WASH access. An increasing number of national governments and international organizations are implementing school-based deworming as part of an integrated school health program. 50 Implementing WASH programs, including school-based programs, is complex, especially as it is difficult to ensure uniform implementation across schools. Furthermore, poor WASH facilities in schools is only one source of exposure to helminth infection, and any effect on improved WASH facilities is likely to be mediated by differences in other, individual-or household-mediated, routes of fecal exposure. 51 Our findings provide initial support for the benefit of improved WASH in schools when implemented alongside school-based deworming, but show that the effect is not consistent among boys and girls, among sub-groups with different exposure-related patterns of behavior, or for different worms. Additional studies assessing the impact of school WASH are warranted to better understand the impact of school-level interventions and how this impact is augmented by other individual-or communitybased efforts to reduce exposure.
